In k = B~ § r -(2)
Having regard to the accuracy usually ascribable to experimental velocity coefficients, the assumption is a valid one. In recent years, however, precise work on certain selected reactions has shown th at the supposition is ill founded. The newer data are in better agreement with the differential equation d in k E J~d T~ = R T2 + ( Integrating on the assumption that E and J are independent of tempera ture, we have the more general relation ln i-C + ^l u T -A ,
which reduces to the simpler formula when J is zero. This equation, though not wholly satisfactory, is to be regarded as an improvement on equation (2) because (1) it is in better accordance with experiment, and (2) it is not restricted to systems wherein the average energy of reactive molecules and the average energy of normal molecules respond identically to temperature. Very few reactions have been examined with sufficient precision to allow of an evaluation of the constants in equation (4), and it is with the object of increasing their number th at the present investigation was undertaken.
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For the inversion of cane sugar, catalysed by hydrochloric acid in aqueous solution, J has been found by experiment to be -89 + 5 cal./g. mol.-deg. (Moelwyn-Hughes 1934) , in satisfactory agreement with a theoretical prediction of -89-4 (Moelwyn-Hughes 1929). The experimental work has been independently confirmed (Leininger and Kilpatrick 1938) . The uncatalysed hydrolysis of the methyl halides is consistent with an experimental value of J --67 (Moelwyn-Hughes 1938) , wh most favourable case is probably accurate to within ±7. In so far as these reactions may be regarded as representative, we see th at catalysed and uncatalysed hydrolyses in aqueous solution contradict the law of Arrhenius. The true and apparent energies of activation in these cases differ considerably; and the determination of their numerical relationship, which is given by the equation is an essential step in the elucidation of the mechanism of reaction.
The present paper contains the results of our experimental investigation into a set of reactions differing from ordinary hydrolysis, namely, the elimination of carbon dioxide from carboxylic acids in aqueous solution. The chemical changes are represented by the equation
We had intended to study the decomposition of three of the fully halogenated derivatives of acetic acid, but the scheme failed on account of the extreme instability of tri-iodoacetic acid. We consequently followed our work on trichloracetic and tribromacetic acids by examining a highly symmetrical acid from the aromatic group-2 : 4: 6-trinitrobenzoic acid. The kinetics of the decarboxylation of two of these acids have already been fairly extensively investigated, the first by Kappanna (1932) , and the last by Moelwyn-Hughes and Hinshelwood (1931) . In the latter work (p. 189), which dealt with the solvent effect, a real departure from the equation of Arrhenius was noted but not pursued. The result of the present investigation is to show that equation (2) is inapplicable to the kinetics of the three decompositions, and that yet another set of chemical reactions has been found with a considerably more complicated mechanism of activation than had been previously imagined. A summary of the experi mental figures is given in table 1. The unit of k is the reciprocal second, and of E the calorie per gram-molecule. In view of experimental difficulties and other limitations, it is not possible to assess the value of J more closely than is indicated here.
I2.C 00H ->I2.H + C02. Pure trichloracetic acid was prepared from the commercial product by repeated crystallizations from solution in benzene, which had been successively treated with sulphuric acid and with lime before being dis tilled. The solution was prepared by adding to the solid acid, in an all-glass reflux condenser, just sufficient benzene to dissolve it at 343°. Water was excluded by means of calcium chloride tubes. The solution was cooled in a freezing mixture, and the solvent pumped off in a vacuum desiccator. The product melted without decomposition at 331-6° K + 1°.
Pure tribromacetic acid was made by oxidizing bromal (Schaeffer 1871) which was itself prepared by brominating paraldehyde ( Synthesis, 1937) . The crystals obtained after heating 58 c.c. of bromal with 100 c.c. of fuming nitric acid for 2 hr. at 320° K were filtered off on sintered glass, and freed from nitrogen oxides by drawing air through them. The acid wras stored in a vacuum desiccator over sticks of potash. The crystals were colourless, slightly hygroscopic, and sublimed readily. When thoroughly dried, they melted at 403° K + 2°, but not sharply.
The prescribed method of preparation of tri-iodoacetic acid (Angeli 1893) proved unsatisfactory, and wre were unable to improve upon it. When malonic and iodic acids are allowed to react in solution, a yellow colour develops during effervescence, sometimes with and sometimes w ithout the appearance of iodine vapour. On cooling, an unstable solid appears which decomposes on contact with the Buchner funnel at room temperatures. Filtration was next carried out in an apparatus completely immersed in a freezing mixture. The solid, after being dissolved in the cold, gave an unstable solution, for which we w ere able to measure accurately the rate of evolution of gas at several temperatures, using a sensitive differential manometer. Our experience with the other acids, however, which were examined by chemical analysis, indicates th at the rate of elimination of carbon dioxide in this case is a complicated process, probably involving hydroxy acids, and the work was abandoned.
Trinitrobenzoic acid, prepared in the ordinary way by the oxidation of trinitrotoluene, gave a melting-point of 498°K ± 1°, which lies between the extreme values of 483° and 511° found in the literature.
E x perim ental method
On account of the slowness with which carbon dioxide is eliminated from these stable acids, the sealed tube technique was employed, in preference to the manometric method used with the unstable acid. 20 c.c. samples of reaction solution, which was prepared by weighing the solute into a known volume of solvent, were placed in reaction vessels which were sealed off and kept in electrically heated thermostats for measured time intervals. The tubes were chilled in ice before their contents were titrated. At the higher temperatures, the thermostat liquid was changed from water to oil, and the regulator liquid from toluene to xylene. For a few experi ments with trinitrobenzoic acids, boiling vapour baths were employed. The temperature control varies with the extent of reaction and with the temperature itself; on an average, T is considered correct to ±0-07°. The initial concentration of the aliphatic acids was usually 0*1 m , and of the aromatic acid 0-025 m. The amount of unchanged trihalogen acid was estimated by titration against standard alkali, using bromcresol green as indicator. In the case of the less soluble trinitrobenzoic acid, however, the apparent constants were found to drift until we decarboxylated each sample with fresh air. Bromthymol blue was found to be the most suitable indicator. The decomposition of the substituted acetic acids is accompanied by some hydrolysis, the exact extent of which was determined by titrating the ionic halogen in each reaction sample, using silver nitrate and potassium chromate. The difference between the concentrations of total acid and halogen ion is taken to be the true concentration of the decomposing acid. Although never exceeding 0-45%, the difference introduces an important correction into the value of the constant. For trichloracetic acid at 333-0°, the correction is nearly 9-1 %. The titration values published here are the corrected ones.
E xperim ental results
In aqueous solution, the rate of elimination of carbon dioxide from each of the acids obeys the unimolecular law In the concentration range to which this work is confined, the velocity coefficient is but slightly influenced by the initial concentration of the reactant. The results obtained in the case of the least soluble acid are given in summarized form in table 5. Both the constancy of for a given experiment and its independence on the initial concentration are con sistent with equation (7). Apparent departures from it are due to the influence of dissolved carbon dioxide in the case of trinitrobenzoic acid, and to partial hydrolysis in the other cases. Comparison with experiment is shown in tables 6-8. Clearly, in the case of the aliphatic acids, the difference in rates of decomposition is due chiefly to a difference of some 3000 cal. in the energy of activation, whereas in the case of the aromatic acid the mechanism of reaction seems altogether more complicated. Similar observations have been made in the case of oxalic acid (Dinglinger and Schroer 1937), for which falls as T is raised, though not as simply as in equation (5). The decomposition of malonic acid in water has also been extensively studied. Combining the data of Bernouilli and Wege (1919) with those of Knaus (1928) , we obtain, as a first approxi mation holding in the range 348-423° K, = 79,000 cal., and = -128 cal./deg. The present results give an apparent energy of activation of 35,850 in the case of trichloracetic acid at 353*1°, which is about 1400 cal. less than th at found by Kappanna (1932) . For trinitrobenzoic acid at the same temperature we have a value of 36,410, which is greater by about 2500 cal. than th at found by taking the extreme constants in the work of Moelwyn-Hughes and Hinshelwood (1931).
S uppl em en ta r y ex per im en ts
The decomposition of acetonedicarboxylic acid is catalysed by weak bases (Wiig 1928) , and the kinetics of the catalysis have found a simple interpretation (Moelwyn-Hughes 1933). Trinitrobenzoic acid, however, does not appear to respond to the bases which we used, namely, redistilled pyridine and aniline. The titration method does not give accurate results in the presence of much added alkali. Using thymol blue as indicator, and working at 349*52°, we obtained the results of table 9. Clearly the catalytic effect is extremely small. There has been considerable discussion as to whether the anion or the undissociated acid is responsible for the rate of elimination of carbon dioxide from aqueous solutions of carboxylic acids. No general conclusion can be reached. With the appearance of more accurate and extensive data, cases will doubtless come to light where both decompose with comparable rates and where one mechanism is relatively so facile as to exclude the other. The point at issue is not easy to settle in the case of the three acids at present under discussion, because they behave in water as strong electrolytes, and therefore the addition of salts, including those with a common ion, influences primarily the ionic environment rather than the extent of dissociation. If, however, the decomposition occurs mainly by an ionic mechanism, we may anticipate that (1) salts formed from the acid with strong bases will decompose at rates and with apparent energies of activation which lie near to the figures holding for the acid solutions, and (2) the rate in non-ionizing solvents will be considerably slower than in water.
(1) We have examined the rate at which carbon dioxide is evolved from solutions of sodium tribromacetate at various temperatures. On account of hydrolysis of the anion, which takes place concurrently, the analysis of the data is not easy. By measuring the extent of hydrolysis in each case, however, we have found the extrapolated constants shown in table 10. They yield an apparent energy of activation of 34,000 cal. + 2000, which, within the limits of error, agrees with the value 32,950 found for the acid solution at this temperature. The former figure differs from th at obtained by Fairclough (1938) by 10,000 cal. In the case of trichloracetic acid there is much better agreement. Thus for the ion at 345°, he finds EA to be 36,600, and for the acid at the same temperature we obtain 36,000 cal. These results are not inconsistent with the hypothesis th at it is the ion which decomposes. On account, however, of the smallness of the free energy change attending ionization, the ionic and non-ionic mechanisms may be experimentally indistinguishable.
(2) At temperatures where the rate of decomposition in water is extremely rapid, no detectable change could be found after several days with solutions of tribromacetic acid in toluene fractionated with care at 382-9° from metallic sodium. The solvent was stored, and as far as possible handled, in the absence of atmospheric moisture. At 403-0°, however, a slow decomposition was detected. I t was attended by the development of a yellow coloration, and persisted when the experiments were repeated in sealed tubes from which the air had been removed. Analysis of the contents of 20 c.c. samples of oxygen-free solutions kept at this temperature for long intervals gave the results of Table 11 . The brown coloration reduced the accuracy of the estimations. If the figures in the last column are a reliable measure of the total organic acidity, the rate of decomposition of the acid in this solvent is seen to be less than the rate in water by a factor of about 107. This strikingly large solvent effect would be accountable by a change of some 13,000 cal. in the apparent energy of activation. It is probable, however, that the splitting off of carbon dioxide from tribromacetic acid does not occur by such a simple mechanism. A fairly strong solution was refluxed on a sand-bath for about a fortnight. The product, which contained carbonaceous m atter and was a powerful lachrymatory, was neutralized by dilute sodium carbonate, separated and fractionated after removal of the solvent. We obtained constant boiling fractions at 456-457° and at 472°, which correspond so nearly to the boiling points of o-, m-, and p-bromtoluene (454-9, 456-8, 456-6) and benzyl bromide (472) th a t the substitution of bromine in the benzene nucleus and side chain may be regarded as established.
D iscussio n
The principal feature of these results is that they bring the decarboxyla tion reactions into line with catalysed and uncatalysed hydrolyses in solution. For all these cases it may now be stated that the equation of Arrhenius is inadequate as an empirical summary of their kinetics, and must be replaced by more satisfactory formulae towards which equation (5) is an approximation.
The object of the following brief discussion is less to seek illumination from statistical theory than to indicate the direction in which we consider that theory should advance while retaining close contact with the facts.
For a solute molecule composed of N atoms in a solution so dilute that the mutual interaction of solute molecules may be neglected, we may propose the use of the partition function
where g is the degeneracy of the electronic level, and m is the mass of the solute molecule. The term vf is the average free volume available to the solute molecule, and is to be determined for the two-component system by an extension of the methods developed by Lennard-Jones and Devonshire (1937) . or is a symmetry factor, and n the number of freedom of rotation of the solute molecule and its parts, to which the moments of inertia, IA, I B, . .., I a r Aston 1935).
vi is the frequency of the ith of the internal vibrations of which are assumed to be simple harmonic. Finally, <j) is the average energy of interaction of the solute molecules with the solvent molecules which enclose it. Special forms of (J) have been considered by us in some of the previous papers of this series. A similar expression, adjusted to a common reference level for the energy, obtains for the active molecule. Denoting the variables pertaining to the active molecule of solute by an asterisk, we then obtain for the ratio of the concentration, n*, of active molecules to the concentration, n, of normal molecules, the equilibrium expression:
The terms Vf and F* are total free volumes, and the expression holds for equilibrium established at constant total volume. The multiplicity of the electronic states have been assumed equal, and the number of modes of vibration not to change during activation, e + (0* -< }> ) is the energy of activation in a solution supercooled to the absolute zero of temperature.
The experimental magnitudes for the frequency terms, with reference to the normal solute molecule-as distinct from the gaseous molecule-are forthcoming from a study of the Raman spectra of solutions; and it is not difficult to compute reasonable values for the five moments of inertia required to specify the rotations of a trihalogenoacetate ion in solution. Unfortunately, however, data for activated solute molecules are mostly lacking, and the advances in the kinetics of reactions in solution await comparable advances in the statics of solutions. Not before the latter have been made, can one hope to derive from equation (9) the expression holding for equilibria at constant pressure and to take the further trivial step of thermodynamic annotation.
In the meanwhile, general statistical expressions have to be abbreviated by the cancellation or suppression of terms so as to make comparison with experiment possible. Before doing so in the present case, we recall that, in accordance with the general hypothesis of activation, the fate of most of the active molecules is reversion to the normal type. A small number of the active molecules, insufficient to destroy the equilibrium ratio, suffer chemical change. The frequency with which such transformation of an active molecule occurs in the gas phase has been assumed by Herzfeld (1919) and by Eyring (1935) to be th at of slowest internal motion of which the active molecule is capable. In the case of an active solute molecule, however, it may well happen th at the rate of destruction is governed by one of the frequencies of vibration of the molecule in its cage. This is thought to be especially relevant to reactive solutes in polar solvents, for which, as we have shown, one has to consider the activation of the whole cluster of molecules. If the forces exerted between solute molecule and solvent molecules are spherically symmetrical, we have the following approximate expression for the frequency of the intracellular vibration:
Here c is the number of solvent molecules, y the reduced mass of the cluster (virtually equal to the mass of the solute), r the average solutesolvent separation, and B, m and n are constants of the equ cf)(r) = c{Ar~n -Br~m}.
A more exact form is available in the papers of Lennard-Jones and Devonshire (1937), and of Corner (1939) . In the present equation, of course, B is the attractive energy constant for an isolated pair of unlike molecules. The product of the right-hand expressions in equations (9) and (10) gives us the unimolecular constant. It is to be noted that the dependence of on is of the form necessary to explain the abrupt changes in reaction velocity in solution observed by Sutherland and Maas (1931) in the neighbourhood of the critical tem perature.
The assumptions which must be made in order to compare these relations with the experimental results under discussion are the following: (1) The difference between the observed velocity coefficient and that which would hold at constant volume must not be so great as to invert the sign of J .
(2) The product of the intracellular vibration frequency and the first and fourth terms of equation (9) must be independent of temperature. The pre-exponential terms in the equilibrium expression thus reduces to a ratio of the products of the vibrational partition functions of the active and normal molecules. (3) In the normal molecule, let a number, p, of the vibrational motions be quantal, and a number, q, classical. The corre sponding numbers for the active molecule may be denoted by the letters r and s. Then
and consequently, if em stands for the difference in internal energy of the active and normal molecules considered statically at the absolute zero of temperature, we have
EA/N0 = em -(q -s) kT -\ £ hvp coth ( h) 1
This expression conforms with equation (5) provided q>s. The conclusion is th at it is impossible to loosen the carbon-carbon bond in the solute molecule without tightening the other bonds. In polar solvents, where the long range electrostatic forces have a co-ordinating influence on the mechanism of activation, it is not likely th at the rate of activation is in any real sense a problem. The structural difference between normal and active molecules, and the rate at which the latter break up, seem to be more relevant.
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S ummary
The kinetics of the decomposition of trichloracetic acid, tribromacetic acid and 2:4: 6-trinitrobenzoic acid in aqueous solution have been investigated experimentally over wide temperature ranges. The results do not conform to the equation of Arrhenius, but are moderately well repro duced by the empirical formula: In k -R Certain general conclusions concerning the kinetics of reactions in solution have been drawn. 
